We report the identification and characterization of mouse matriptase-2 (m-matriptase-2), an 811-amino-acid protein composed of an N-terminal cytoplasmic domain, a membranespanning domain, two CUB (complement protein subcomponents C1r/C1s, urchin embryonic growth factor and bone morphogenetic protein 1) domains, three LDLR (low-densitylipoprotein receptor class A) domains and a C-terminal serineprotease domain. All m-matriptase-2 protein domain boundaries corresponded with intron/exon junctions of the encoding gene, which spans approx. 29 kb and comprises 18 exons. Matriptase-2 is highly conserved in human, mouse and rat, with the rat matriptase-2 gene (r-maltriptase-2) predicted to encode transmembrane and soluble isoforms. Western-blot analysis indicated that m-matriptase-2 migrates close to its theoretical molecular mass of 91 kDa, and immunofluorescence analysis was consistent with the proposed surface membrane localization of this protein. Reverse-transcription PCR and in-situ-hybridization analysis indicated that m-matriptase-2 expression overlaps with the distribution of mouse hepsin (m-hepsin, a cell-surface serine protease identified in hepatoma cells) in adult tissues and during embryonic development. In adult tissues both are expressed at highest levels in liver, kidney and uterus. During embryogenesis m-matriptase-2 expression peaked between days 12.5 and 15.5. m-hepsin expression was biphasic, with peaks at day 7.5 to 8.5 and again between days 12.5 and 15.5. In situ hybridization of embryonic tissues indicated abundant expression of both mmatriptase-2 and m-hepsin in the developing liver and at lower levels in developing pharyngo-tympanic tubes. While m-hepsin was detected in the residual embryonic yolk sac and with lower intensity in lung, heart, gastrointestinal tract, developing kidney tubules and epithelium of the oral cavity, m-matriptase-2 was absent in these tissues, but strongly expressed within the nasal cavity by olfactory epithelial cells. Mechanistic insight into the potential role of this new transmembrane serine protease is provided by its novel expression profile in embryonic and adult mouse.
INTRODUCTION
The type II transmembrane serine proteases (TTSPs) are a family of proteolytic enzymes characterized by a short N-terminal cytoplasmic tail, a membrane-spanning region, potential ligandbinding domains and a C-terminal trypsin-like serine-protease domain [1] . Member proteases include enteropeptidase, the activator of trypsinogen in the digestive enzyme cascade [2] , corin, a heart-specific [3, 4] pro-(atrial natriuretic peptide) (pro-ANP) activator [5, 6] , hepsin (a cell-surface serine protease identified in hepatoma cells) which has consistently been shown to be highly up-regulated at the mRNA level in prostate cancer [7] [8] [9] [10] [11] [12] , and matriptase/membrane-type serine protease 1 (MT-SP1), which is widely expressed in normal epithelial tissues [13, 14] as well as tumours of epithelial origin [15] [16] [17] . Matriptase/MT-SP1 has the ability to activate urokinase-type plasminogen activator, proteaseactivated receptor 2 and hepatocyte growth factor [18, 19] , and the crystal structure of the catalytic domain of this TTSP in the presence of benzamidine and in complex with bovine pancreatic trypsin inhibitor has recently been reported [20] . The functional significance of this enzyme in epidermal barrier function, hairAbbreviations used: AEBSF, 4-(2-aminoethyl)benzenesulphonyl fluoride hydrochloride; ANP, atrial natriuretic peptide; CHO, Chinese-hamster ovary; CUB, complement protein subcomponents C1r/C1s, urchin embryonic growth factor and bone morphogenetic protein 1; EST, expressed sequence tag; FBS, fetal-bovine serum; HAT, human airway trypsin-like serine protease; LDLR, low-density-lipoprotein receptor class A; RT, reverse transcription; TTSP, type II transmembrane serine protease; MT-SP1, membrane-type serine protease 1; m-hepsin, mouse hepsin; h-, m-and r-matriptase, human, mouse and rat matriptase respectively; A.T.C.C., American Type Culture Collection; FLAG epitope, DYKDDDDK (in one-letter code); MYC epitope, EQKLISEEDL; mAb, monoclonal antibody; dpc, days post coitus; PSP-I, porcine seminal plasma-1. 1 Present address: Centre for Molecular Biotechnology, Queensland University of Technology, Brisbane, Queensland, Australia. 2 To whom correspondence should be addressed (e-mail jquigley@scripps.edu).
The nucleotide sequences reported in this paper have been deposited in the DDBJ/GenBank R /EMBL and GSDB Nucleotide Sequence Databases under the accession numbers AY240929, BK000520, AY055383, AY055384 and AY234104.
follicle development and thymic homoeostasis has recently been demonstrated by the generation of matriptase/MT-SP1 −/− mice [21] . Other human members of the TTSP family include human airway trypsin-like serine protease (HAT) [22] , MSPL [23] , serine protease DESC1 [24] , TMPRSS2 ('transmembrane protease, serine 2') [25] , TMPRSS3 [26] , TMPRSS4 (formerly designated TMPRSS3) [27] and spinesin/TMPRSS5 [28] . Mouse orthologues have been described for enteropeptidase [29] , matriptase/MT-SP1 [30] , corin [31] , hepsin [32] and TMPRSS2 [33] .
In addition to a role at the cell surface, several of the TTSPs have been described as soluble proteins. Matriptase/MT-SP1 has been isolated from breast-cancer-cell-conditioned medium [34] , as well as from human breast milk [35] . In mouse, post-translational processing is required for release of matriptase/MT-SP1 from the plasma membrane [36] . In contrast with mouse matriptase (m-matriptase)/MT-SP1, a soluble form of MSPL is produced as a result of transcriptional mechanisms which produce an mRNA encoding a protein without a transmembrane domain [23] . Enteropeptidase is produced in the duodenum by enterocytes, and a soluble form of the protein is present in mucinous secretions of the small intestine [37] . A soluble form of TMPRSS2 is detected in the media of cultured prostate-cancer cells, as well as in the sera of prostate tumour-bearing mice [38] . Following synthesis and transport to the cell surface, HAT is released from tracheal serous glands as part of the host immune defence system [22] .
The most recently reported human TTSP, matriptase-2, was named on the basis of its structural similarity to matriptase/MT-SP1 [39] . The recombinant matriptase-2 catalytic domain cleaves following arginine residues and is inhibited by the serine protease inhibitors PMSF, 4-(2-aminoethyl)benzenesulphonyl fluoride hydrochloride (AEBSF), leupeptin and aprotinin. This domain also demonstrated in vitro hydrolytic activity against a number of matrix and basement-membrane components [39] . Here we report the identification of the mouse orthologue of matriptase-2 (mmatriptase), the genomic structure of the encoding gene, partial protein characterization and mRNA distribution in mouse adult and embryonic tissues. We also describe potential membranebound and soluble isoforms of rat matriptase-2 (r-matriptase-2). A novel mouse hepsin (m-hepsin) splice variant from brain was also identified during comparative analysis of m-matriptase-2 and m-hepsin mRNA expression.
EXPERIMENTAL

Database mining/bioinformatics
The Ensembl database (www.ensembl.org) was searched for S1-serine-protease-domain-encoding genes using the Interpro domain number for trypsin (S1)-like serine proteases IPR001254. Nucleotide and amino acid sequences were used to search GenBank R databases using algorithms available at the National Center for Biotechnology Information (NCBI) website. The mmatriptase-2 amino acid sequence was analysed for structural domains, cellular processing signals and consensus posttranslational modification motifs using the Prosite database [40] , the SMART algorithm [41] , the PSORT algorithm [42] and the NetPhos 2.0 algorithm [43] . Protein sequences were aligned using EclustalW at the Australian National Genome Information website.
Cell culture
Human cervical adenocarcinoma, HeLa and Chinese-hamster ovary (CHO)-K1 cells were obtained from the American Type Culture Collection (A.T.C.C., Manassas, VA, U.S.A.), maintained as monolayer cultures in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, U.S.A.) or Ham's F12K medium (A.T.C.C.) respectively, supplemented with 10 % (v/v) fetal-bovine serum (FBS) (HyClone, Logan, UT, U.S.A.), sodium pyruvate, penicillin/streptomycin and nonessential amino acids (Invitrogen) and grown in a humidified 5 % CO 2 atmosphere at 37
• C.
DNA constructs
m-matriptase-2 (GenBank R accession number BF385919) and m-hepsin (GenBank R accession number AI528314) expressed sequence tag (EST) clones were purchased (Invitrogen). A construct designated m-matriptase-2-flag, in pCMV-SPORT6 expressing m-matriptase-2 tagged at the C-terminus with a FLAG (DYKDDDDK) epitope, was generated by PCR. A construct in pcDNA3 designated m-hepsin-myc, expressing m-hepsin tagged at the C-terminus with a MYC (EQKLISEEDL) epitope, was also generated by PCR. In each case the 3 PCR primer incorporated sequence encoding the respective tag immediately before the stop codon. Constructs used to generate probes for in situ hybridization were produced by cloning PCR products into the pCRII-TOPO vector (Invitrogen). For m-matriptase-2, PCR was performed with primers F7 (CCCTCTCTGGACTACGGCTTGGC) and R10 (CGGCTCACCTTGAAGGACAC). For m-hepsin PCR was performed with primers F1 (CGCACTCGGAGCTGGATGTG) and R2 (CTGTCGCCCTGGCACGCATC). All constructs were sequenced to confirm that no errors had been introduced during cloning.
Transient transfections and Western-blot analysis
Cells were transiently transfected with the m-matriptase-2-flag expression construct using PolyFect R reagent (Qiagen, Valencia, CA, U.S.A.) as described by the manufacturer. After incubation for 48 h at 37
• C, cells were lysed in ice-cold buffer containing 10 mM Tris (pH 8.0), 150 mM NaCl, 1 % Triton X-100, 5 mM EDTA and 1 × Complete Mini, EDTA-Free Protease Inhibitor Cocktail (Roche, Indianapolis, IN, U.S.A.). Insoluble material was removed by centrifugation at 15 800 g for 10 min. Lysates were separated by electrophoresis through SDS/polyacrylamide gels under reducing conditions, then transferred to nitrocellulose membranes (Millipore). Membranes were blocked in 5 % (w/v) non-fat skim milk in PBS containing 0.1 % Tween 20, then incubated overnight at 4
• C with anti-FLAG M2 monoclonal antibody (mAb; 0.8 µg/ml; Sigma, St. Louis, MO, U.S.A.). After they had been washed, membranes were incubated for 2 h at room temperature with goat anti-mouse IgG (0.16 µg/ml; Pierce, Rockford, IL, U.S.A.) and immunoreactive bands detected by enhanced chemiluminescence (Pierce, Rockford, IL, U.S.A.).
Immunofluoresence
Cells plated on coverslips were transiently transfected with either the m-matriptase-2-flag or m-hepsin-myc expression constructs. After incubation for 48 h at 37
• C, cells were washed with PBS, fixed in 2 % formaldehyde, then blocked with 5 % normal goat serum in PBS. Following a 1 h incubation at 37
• C with either anti-FLAG M2 mAb (2 µg/ml) or anti-MYC 9B11 mAb (2 µg/ml; Cell Signalling Technology, Beverly, MA, U.S.A.) in blocking buffer, cells were washed with PBS, then incubated with FITC-conjugated goat anti-mouse IgG (2 µg/ml; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, U.S.A.). Labelled cells were visualized and photographed using a Bio-Rad 1024 MRC2 scanning confocal imaging system.
Reverse transcription (RT)-PCR
CD1 staged embryos (morning of vaginal plug corrected as 0.5 day post coitus; dpc) and adult tissues were collected, snap-frozen in liquid nitrogen, then stored at − 80
• C. Tissues and embryos were homogenized in the presence of either Trizol reagent (Invitrogen) or a solution containing 4 M guanidinium thiocyanate, 25 mM sodium citrate, pH 7, 0.5 % sodium sarcosyl and 0.1 M 2-mercaptoethanol. Following removal of insoluble material and extraction, total RNA was precipitated in the presence of sodium acetate and ethanol. RT was performed on 1 µg of total RNA using Superscript II (Invitrogen). PCR was performed with Platinum Taq DNA polymerase (Invitrogen) on 1 µl of the resulting cDNA using primer pairs F7/R10 (m-matriptase-2) or F1/R2 (m-hepsin). cDNA quality was assessed using β-actin primers (26 cycles of PCR). PCR cycling conditions: m-matriptase-2, 94
• C for 3 min, 35 cycles of 94
• C for 30 s, 58
• C for 30 s and 72
• C for 50 s, • C for 30 s and 72
• C for 45 s, followed by a final 72 • C extension for 10 min. Reaction products were analysed by agarose-gel electrophoresis and photographed. PCR products from adult liver (m-matriptase-2), adult brain (m-hepsin), adult spleen (m-hepsin) and 7.5-day embryo (m-hepsin) were cloned into the vector pCRII-TOPO and sequenced. Density profiling of PCR product bands was performed using Scion Image software (Scion Corporation, Frederick, MA, U.S.A.).
In situ hybridization
m-matriptase-2 sense and antisense 35 S-labelled cRNA riboprobes were generated using SP6 and T7 RNA polymerase (Roche) following XhoI and SpeI digestion respectively of the F7/R10 construct described above. m-hepsin sense and antisense 35 Slabelled cRNA riboprobes were generated using T7 and SP6 RNA polymerase following SpeI and XhoI digestion respectively of the F1/R2 construct described above. Following collection, CD1 staged mouse embryos and adult tissues were immediately fixed by overnight incubation at 4
• C in freshly prepared 4 % paraformaldehyde, then dehydrated and embedded in paraffin at 60
• C. In situ hybridization using 35 S-radiolabelled probes was performed on deparaffinized and Proteinase K (20 µg/ml)-treated sections (5 µm thick) as previously described [44, 45] . The final concentration for each antisense and sense riboprobe was 35 c.p.m./ml in hybridization buffer. Following riboprobe incubation at 52
• C for 16 h and several washes of increasing stringency, slides were dipped in Kodak NBT-2 photoemulsion, dried for 1 h, then exposed for 5 days at 4
• C. Adult tissue sections were counterstained with haematoxylin and eosin. Photographs were taken using a Zeiss Axioplan 2 microscope.
RESULTS
Identification and characterization of the m-matriptase-2 cDNA and gene (m-matriptase-2)
A search of the Ensembl database was performed to identify novel TTSPs. Five unannotated human candidate proteins were identified by searching with the Interpro domain number for trypsin (S1)-like serine proteases (IPR001254). The nucleotide sequence encoding one of these partial proteins, the product of the predicted gene entry ENSG00000133420, when searched against the GenBank R EST database closely matched an unpublished murine EST entry (BF385919). The corresponding clone, which was generated from mouse liver, was obtained and completely sequenced. The complete cDNA and protein sequence is shown in Figure 1 . Analysis of the deduced amino acid sequence indicated that the protein has the features of a TTSP. These include the lack of a consensus secretory signal peptide, a potential transmembrane domain delineating a cytoplasmic tail of 59 residues, a region containing potential ligand binding domains and a C-terminal trypsin-like serine-protease domain ( Figure 2A ). Consistent with the naming of recently identified members of the TTSP family [1, 28] , we initially designated the encoded protein mouse TMPRSS6. However, as the human orthologue was subsequently reported as matriptase-2 [39] , here we refer to the protein as m-matriptase-2.
The longest open reading frame of the m-matriptase-2 cDNA spans nucleotides 187-2619 and encodes a protein of 811 amino acids with a theoretical molecular mass of 91.0 kDa. The cDNA contains 547 bp of 3 -untranslated sequence, including a consensus polyadenylation signal (AATAAA) at position 3139. The cytoplasmic tail of the deduced protein contains consensus protein kinase C phosphorylation sites at Ser 10 and Thr 47 . Analysis of the region between the transmembrane and catalytic domains identified two CUB (complement protein subcomponents C1r/C1s, urchin embryonic growth factor and bone morphogenetic protein 1) domains (residues 221-330 and 335-452) and three LDLR (low density lipoprotein receptor-like) domains (residues 457-490, 490-526 and 530-567) (Figures 1  and 2A) . Seven consensus N-glycosylation sites were detected in the extracellular portion of the protein; none of these was within the catalytic domain ( Figure 1 ). The proteolytic domain encompasses amino acids 577-811, with the catalytic triad located at His 617 , Asp 668 and Ser 762 . This region and the activation domain contain ten highly conserved cysteine residues predicted to form the following disulphide-bonded residues: 568-688, 602-618, 702-768, 733-747 and 758-787. As the first disulphide bond links the pro and catalytic domains, following activation at the conserved Arg 576 -Ile 577 bond the serine-protease domain is predicted to remain linked to the activation domain. On the basis of the presence of Asp 756 at the bottom of the substrate-binding pocket, which in the linear protein sequence is located six residues before the catalytic serine residue, m-matriptase-2 is predicted to have trypsin-like specificity with cleavage following arginine or lysine residues. A conserved Ser 782 -Trp-Gly motif is predicted to be located at the top of the substrate-binding pocket, permitting correct orientation of the scissile bond of the substrate.
Alignment of the m-matriptase-2 cDNA against the mouse genome localized the gene to PAC clone RP23-79F10 generated from mouse chromosome 15E2, which is syntenic with the location of the human matriptase (h-matriptase-2) gene (hmatriptase-2) at 22q13.1. The m-matriptase-2 gene spans approx. 29 kb with 18 exons and 17 intervening introns ( Figure 2A ). Exon sizes ranged from 42 to 706 bp and introns from 206 to 5667 bp. All m-matriptase-2 protein domain boundaries corresponded with intron/exon junctions of the encoding gene ( Figure 2A ). The initiating methionine codon is located within exon 2, which encodes the complete cytoplasmic and transmembrane domains of m-matriptase-2. The first CUB domain is encoded by two exons (7 and 8) , and the second CUB domain by three exons (9-11) The three LDLR domains of matriptase-2 are each encoded by separate exons (12, 13 and 14) . The serine-protease domain, including the pro region, is encoded by four exons (15) (16) (17) (18) . Sequences at the 5 and 3 end of each intron conform to the GT-AG rule for splice-site recognition ( Figure 2B ) [46] .
Matriptase-2 is conserved in human, mouse and rat, and the r-matriptase-2 gene is predicted to encode transmembrane and soluble isoforms
Very recently, an unpublished GenBank entry (accession number XP_235768) has been released that encodes a rat protein with high sequence identity with matriptase-2. An alignment of this protein against h-matriptase-2 and m-matriptase-2 is shown in Figure 3 (A). Human and mouse proteins share 83.4 % identity (676/811), mouse and rat 85.2 % (691/811) and human and rat 77.1 % identity (625/811). Each protein contains two CUB domains, three LDLR domains and a serine-protease domain. The seven consensus N-glycosylation sites within m-matriptase-2 are absolutely conserved in h-and r-matriptase-2. In addition to the ten cysteine residues within the serine-protease and activation domains, there are 27 other cysteine residues within the mmatriptase-2 extracellular domain which are conserved in human and rat. On the basis of the crystal structure of the spermadhesin Predicted catalytic histidine, aspartate and serine residues are circled. The zymogen activation site is indicated by an arrowhead. Cysteine residues within the activation and catalytic domains predicted to form disulphide bonds are surrounded by hexagons. Potential N-glycosylation sites are surrounded by squares, as is the transmembrane domain. The polyadenylation signal is in bold.
PSP-I (porcine seminal plasma-1)-PSP-II heterodimer [47] , eight of these cysteine residues are predicted to form two disulphide links within each of the CUB domains. Similarly, on the basis of the structure of the LDLR extracellular domain [48] , the six cysteine residues of each of the m-matriptase-2 LDLR domains are predicted to form three disulphide bonds. Accordingly, Cys 152 of m-matriptase-2, and the corresponding residue within the human and rat proteins, is unpaired intramolecularly and therefore has the potential to form homo-or hetero-linkages.
The r-matriptase-2 amino acid sequence is divergent from the human and mouse proteins at the N-terminus and at the border of the first and second CUB domains, where the rat protein contains an additional 17 amino acids ( Figure 3A ). In contrast with h-and m-matriptase-2, the rat protein lacks a predicted membrane-spanning domain. Instead, r-matriptase-2 contains a hydrophobic region at amino acids 1-18 which conforms to the consensus for an N-terminal secretory signal peptide [49] . These variations at the protein level between m-and r-matriptase-2 begin to occur exactly at the junctions of exons 2/3 and exons 8/9 respectively of the mouse gene. To examine the possibility that these species differences have occurred as a result of mRNA splice variants, we analysed rat genomic DNA obtained from the GenBank R database to identify the rmatriptase-2 exons encoding the divergent protein regions, and also to determine whether there is any potential for the rat genome to encode a transmembrane r-matriptase-2 isoform. This analysis identified rat chromosome 7 contig NW_044075 as containing the r-matriptase-2 gene. As shown in Figure 3 (B) (bottom of panel), two exons, of 52 and 108 bp, encode the variant Nterminus of r-matriptase-2. Also identified was a 51 bp exon encoding the 17 additional amino acids located between the first and second CUB domains of r-matriptase-2 (results not shown).
In addition, by using the GenBank R Blast2 algorithm to align the m-matriptase-2 N-terminus against contig NW_044075, we were able to identify a 235 bp putative exon, located between the identified second and third coding exons of r-matriptase-2, which encodes an N-terminus highly homologous with the hand m-matriptase-2 cytoplasmic and transmembrane domains ( Figure 3B, top of panel) . This potential exon is 89 % identical with, and has the same codon interrupted by the following intron accession numbers: human, AY055384; mouse, AY240929; rat, XP_235768. Note that the sequence for h-matriptase-2 comes from our GenBank R entry, which is nine residues longer at the N-terminus than the sequence published by Velasco et al. [39] . (B) r-matriptase-2 5 exons. Filled boxes represent exons identified by aligning the GenBank R r-matriptase-2 cDNA (accession number XM_235768) against rat genomic contig NW_044075. The unfilled box represents a putative exon identified by aligning the m-matriptase-2 N-terminus against contig NW_044075. Protein sequence encoded by this putative r-matriptase exon is aligned against the corresponding regions of h-and m-matriptase-2 at the top of the panel. Exon and intron sizes are marked. The residues at the boundaries of each exon are indicated.
and in the same phase as, m-matriptase-2 exon 2. The 5 splice site of the following r-matriptase-2 intron commences with a GT dinucleotide and therefore conforms with the GT-AG rule for splice-site recognition. Thus the r-matriptase-2 gene has the potential to encode both transmembrane and soluble isoforms by transcriptional processing mechanisms. 
m-matriptase-2 protein characterization
Western-blot analysis was performed on lysates from mocktransfected HeLa cells and HeLa cells transiently transfected with an m-matriptase-2 expression construct containing a FLAG epitope introduced at the C-terminus of the protein. As shown in Figure 4 (A), m-matriptase-2 migrated at approximately the theoretical molecular mass of 91 kDa under reducing conditions. However, under non-reducing conditions a diffuse, immunoreactive, high-molecular-mass protein band was present at the top of the separating gel (results not shown), suggesting that multimeric forms of m-matriptase-2 could be formed, possibly through the unpaired Cys 152 discussed previously. The anti-FLAG antibody was not immunoreactive against lysates from mocktransfected HeLa cells ( Figure 4A ).
Immunofluorescence was used to examine the cellular location of m-matriptase-2 in transiently transfected CHO cells. Consistent with the predicted type II cell-surface orientation of m-matriptase-2, non-permeabilized CHO cells transiently transfected with the m-matriptase-2-flag construct showed strong membrane staining when incubated with an anti-FLAG mAb ( Figure 4B, left panel) . Hepsin has been shown to be expressed on the cell surface in a type II orientation by human hepatoma cells [50] . Accordingly, CHO cells transiently transfected with a m-hepsin expression construct encoding a MYC epitope at the C-terminus of the protein were used as a positive control for membrane localization. Similar to CHO cells expressing epitope-tagged m-matriptase-2, CHO cells expressing m-hepsin-myc showed distinct membrane staining when incubated with an anti-MYC mAb ( Figure 4B , middle panel). In contrast, mock-transfected cells were essentially free of staining when incubated with either the anti-FLAG antibody ( Figure 4B, right panel) or anti-MYC antibody (results not shown). These data are consistent with the predicted cellsurface location of m-matriptase-2.
m-matriptase-2 mRNA expression in adult and embryonic tissues
The distribution of m-matriptase-2 was examined in a range of adult mouse tissues by RT-PCR using m-matriptase-2-specific exon-spanning primers. Analysis of total RNA from 12 different tissues detected m-matriptase-2 at highest levels in liver ( Figure 5A ). m-matriptase-2 mRNA was also highly expressed in kidney and uterus. A weak, but detectable, signal for mmatriptase-2 was observed in each of the other tissues (brain, lung, heart, spleen, muscle, intestine, thymus and pancreas) analysed. As a comparison, the distribution of m-hepsin, a known liverand kidney-expressed TTSP [32] , was also assessed by RT-PCR in these tissues using m-hepsin-specific exon-spanning primers. Similar to m-matriptase-2, m-hepsin mRNA was detected at highest levels in liver and kidney. Also, similar to m-matriptase-2, m-hepsin was detected in uterus, with lower levels of expression in each of the other tissues examined. The expression of m-hepsin mRNA by mouse uterus is in contrast with the results of a previous study in which Northern-blot analysis did not detect expression in a mixed sample of ovary and uterus [32] . This difference may be due to the proportion of uterine mRNA in the mixed sample (which was not reported), to mouse strain variation, or to differences in the stage of the oestrous cycle at which the mice were killed.
In the m-hepsin RT-PCR performed on total RNA from mouse brain, in addition to the expected band at 760 bp, a second higher-molecular-mass band at approx. 850 bp was also detected ( Figure 5A, arrowhead) . The corresponding reaction products were cloned and sequenced. The 760-nt predicted band was confirmed to be wild-type m-hepsin RNA and the highermolecular-mass band indicated a novel m-hepsin splice variant (deposited in the GenBank R database under accession number AY234104). A comparison of m-hepsin cDNA and genomic sequences [51] indicated that the variant transcript was generated by inclusion of the complete sequence of a 106-bp intron located between exons 7 and 8 of the reported m-hepsin gene [51] . The intron insertion results in an amino acid change at Cys 137 to tryptophan and is predicted to produce a truncated version of mhepsin completely lacking the serine-protease domain as well as 13 of the 98 residues of the m-hepsin scavenger-receptor domain ( Figure 5B ).
The expression of m-matriptase in adult tissues was further analysed by in situ hybridization, with m-hepsin serving as a comparative control on contiguous sections. Antisense and negative control sense probes used in these experiments were generated from constructs produced from the same primer pairs used in the RT-PCR analyses. Hybridizations were performed on the three tissues (liver, kidney and uterus) exhibiting the highest expression of m-matriptase-2 and m-hepsin by RT-PCR analysis. Both m-matriptase-2 and m-hepsin mRNA was detectable uniformly in liver with signal associated with hepatocytes ( Figure 6A and 6B). In contrast with our RT-PCR analysis, where m-hepsin was detectable at lower cycle number than mmatriptase-2, the latter probe produced a stronger signal, by in situ hybridization, to adult liver. m-matriptase-2 and m-hepsin mRNA were also detected in adult kidney, with the m-hepsin riboprobe showing stronger signal intensity ( Figures 6C and 6G) . Whereas m-matriptase-2 mRNA was detectable throughout adult kidney ( Figure 6C ), m-hepsin expression was predominantly associated with renal tubules of the kidney medulla (Figures 6G and 6H) with signal from the kidney cortex of much lower intensity ( Figures 6F and 6H ). In uterus, both m-matriptase-2 and m-hepsin were predominantly expressed by glandular columnar epithelial cells ( Figures 6I and 6J ). For each tissue, sense control probes showed only background levels of signal ( Figures 6D, 6E , 6K and 6L; results not shown).
The distribution of m-matriptase-2 mRNA was also assessed by RT-PCR during mouse embryogenesis from 7.5 dpc to 15.5 dpc; stages at which liver and kidney organogenesis is occurring. As mhepsin mRNA is expressed during embryogenesis [32, 52] it was again used for comparative purposes. As shown in Figure 7 , mmatriptase-2 mRNA was expressed at various levels during mouse embryonal development. Expression was barely detectable from day 7.5 to day 10.5, with expression at higher levels from 12.5 to 15.5 dpc with a peak in expression at day 13.5. m-hepsin mRNA was also detectable at each of these stages of development. In contrast, m-hepsin expression appeared biphasic, with peaks in expression occurring at 8.5 and 13.5 dpc.
On the basis of the increasing expression of m-matriptase-2 as assessed by RT-PCR, in situ hybridization was performed on mouse embryos from 12.5 to 15.5 dpc. m-hepsin was used as a comparative control on contiguous sections. Antisense and negative control sense probes used in these experiments were also generated from constructs produced from the same primer pairs used in the RT-PCR analyses. At each stage of development the mmatriptase-2 signal was uniformly present in the developing liver ( Figures 8A and 8B, arrowhead) . In addition, within the nasal cavity, olfactory epithelial cells showed strong specific signal for m-matriptase-2 at each developmental stage (Figures 8A and 8B, arrow; Figure 8C ), with proximal serous glands associated with the lateral wall of the nasal cavity completely clear of signal (results not shown). At 15.5 dpc pharyngo-tympanic tubes also were positive for m-matriptase-2 ( Figure 8B , encircled material). In contrast with adult tissues, no signal was present in embryonic kidney. m-hepsin mRNA was also strongly expressed by cells of the developing liver from 12.5 to 15.5 dpc ( Figures 8E  and 8H, arrowhead) . In addition, the residual embryonic yolk sac present only on day-12.5 sections showed strong signal for m-hepsin, with expression restricted to the extra-embryonic mesoderm (Figure 8E, asterisk; Figure 8F ). In contrast the yolk sac present in Figure 8A (asterisk) showed only background levels of signal for m-matriptase-2. Consistent with a previous report of immunohistochemical localization of m-hepsin in embryonic tissues [52] , at 15.5 dpc, m-hepsin expression appeared more widespread, with close analysis of the section indicating specific signal from lung, heart, gastrointestinal tract, developing kidney tubules and epithelium of the oral cavity ( Figure 8H ). As was observed for m-matriptase-2, pharyngo-tympanic tubes also were positive for m-hepsin expression at 15.5 dpc ( Figure 8H , encircled material), Sense control probes showed only background levels of signal (Figures 8D and 8G ; results not shown).
DISCUSSION
Here we report the identification of the type II transmembrane serine protease m-matriptase-2, a 91 kDa, 811-amino-acid protein consisting of a 59-residue cytoplasmic tail, two CUB domains, three LDLR domains and a C-terminal trypsin-like serineprotease domain. The putative membrane location of mmatriptase-2 is supported by immunofluorescence localization of the protein and is consistent with the previously described type II orientation at the plasma membrane of h-matriptase-2 [39] . The m-hepsin immunofluorescence analysis described here was also consistent with the reported cell-surface localization of human hepsin [50] . m-matriptase-2 is predicted to be a pro-enzyme with cleavage required between Arg 576 and Ile 577 for enzyme activation. As for each of the other members of the TTSP family [1] , following activation the proteolytic domain is expected to remain tethered to the activation domain by a highly conserved disulphide bond.
m-matriptase-2, r-matriptase-2 and h-matriptase-2 share a high degree of sequence and structural identity. Each contains two CUB, three LDLR, protease-activation and serine-protease domains, as well as conserved consensus N-glycosylation sites and cysteine residues. The cysteine residues are predicted to form 18 intramolecular disulphide bonds, with one unpaired cysteine residue preceding the first CUB domain available for potential homo-and hetero-intermolecular linkages. Interestingly, whereas the m-matriptase-2 and h-matriptase-2 span the plasma membrane, our genomic sequence analysis indicated that the rmatriptase-2 gene, through use of alternate exons, will be capable of producing both a membrane-spanning protein as well as a secreted isoform. Accordingly the generation of transmembrane and soluble isoforms of r-matriptase-2 is predicted to occur via transcriptional processing mechanisms, as has been reported for the TTSP family member MSPL [23] . In contrast, analysis of h-matriptase-2 and m-matriptase-2 genomic sequence did not identify alternate r-matriptase-2-like signal-peptide-encoding exons (results not shown). Accordingly, it appears likely that, if they exist, generation of soluble forms of h-and m-matriptase-2 will require post-translational processing events such as have been demonstrated for another member of the TTSP family m-matriptase [36] rather than transcriptional mechanisms. In addition to variation at the N-terminus, r-matriptase-2 contains an additional 17 amino acids following the first CUB domain. It is not yet clear whether this insertion will have any speciesspecific effect on r-matriptase-2 function relative to the human and mouse orthologues. Indeed it will be of interest to determine whether human, mouse and rat membrane bound matriptase-2 isoforms have orthologous functions and whether soluble forms of this protein are produced in each species and also to elucidate the mechanisms at the gene and protein level which regulate generation of soluble isoforms.
The genes encoding h-and m-matriptase-2 are located at syntenic chromosome positions (22q13.1 and 15E2 respectively). In addition, these genes share identical structures spanning 18 exons with the human gene encompassing approx. 38 kb of genomic sequence (see our GenBank R entry AY055383) and m-matriptase-2 approx. 29 kb of sequence. The correspondence of m-matriptase-2 protein structural domains with intron/exon boundaries of the encoding gene may be a general feature of TTSP protein/genomic structure. This correspondence is shared by human [25] and mouse [33] TMPRSS2, m-hepsin [51] , human and mouse corin [53] and human enteropeptidase [54] , and supports the proposal by Pan et al. [53] that the genes encoding human and mouse corin and other TTSP family members arose from duplication and rearrangement of pre-existing exons encoding structurally distinct domains.
In adult tissues, m-matriptase-2 mRNA is expressed at highest levels in liver, kidney and uterus and at much lower levels in each of the other nine tissues analysed by RT-PCR. In contrast, it has recently been reported that, by Northern-blot analysis of 16 adult human tissues, h-matriptase-2 mRNA was detected exclusively in liver [39] . This species difference in tissue distribution likely indicates differences in transcriptional regulation of matriptase-2 gene expression in human and mouse. It also parallels the differences in expression patterns of hepsin in mouse and primate species. Our analysis indicated that m-hepsin mRNA is also expressed at highest levels in liver, kidney and uterus, which contrasts with the initial reports characterizing hepsin which reported high levels of mRNA expression only in liver in primate species [50] . The similarity in expression patterns of matriptase-2 and hepsin observed in mouse adult tissues by RT-PCR analysis was also apparent in mouse embryonic development. Between 7.5 and 15.5 dpc the expression of both TTSPs was apparent at each time point analysed, with a peak in expression at 13.5 dpc. In addition, m-hepsin expression showed a second expression peak at 8.5 dpc. The overlapping expression profiles of matriptase-2 and hepsin in human and mouse in adult tissues and during embryogenesis likely indicates that the encoding genes share at least some transcriptional regulatory elements.
Using in situ hybridization we were able to determine that both m-matriptase-2 and m-hepsin are expressed uniformly throughout adult liver by hepatocytes. However, in adult kidney, while mmatriptase-2 was distributed uniformly throughout this organ, m-hepsin expression was more restricted and predominantly associated with renal tubules of the kidney medulla. Interestingly, immunohistochemical analysis of normal human tissues using rabbit polyclonal antibodies failed to detect hepsin in human adult kidney [55] . It is not yet known whether this difference is due to the species-specific expression pattern of hepsin or whether in mouse kidney the gene is transcribed but not translated. In uterus, both TTSPs were expressed predominantly by glandular epithelial cells. In embryonic tissues both m-matriptase-2 and m-hepsin were strongly expressed in the developing liver. The genes encoding both these proteins were also expressed during embryogenesis by epithelial cells of developing pharyngotympanic tubes. However, as in adult tissues, although RT-PCR analysis indicated very similar gross tissue expression patterns for m-matriptase-2 and m-hepsin, distinct differences were also apparent in embryonic tissues by in situ hybridization. For example, while m-matriptase-2 was strongly expressed within the nasal cavity by olfactory epithelial cells, m-hepsin was detected in the residual embryonic yolk sac and with lower intensity in lung, heart, gastrointestinal tract, developing kidney tubules and epithelium of the oral cavity. Accordingly, although m-matriptase-2 and m-hepsin share similarities in expression patterns, likely indicating shared transcriptional regulatory mechanisms, it is apparent that the expression patterns of the encoding genes do not completely overlap.
The identification of a novel brain m-hepsin splice variant is further evidence of differences in the regulation of mmatriptase-2 and m-hepsin expression. While four other m-hepsin splice variants have been reported [32, 51] , our RT-PCR analysis detected only one m-matriptase-2 mRNA. Of course as the mmatriptase-2 primers used in our analysis spanned only 842 bp of the ≈ 3.2 kb cDNA, it is possible that other m-matriptase-2 splice variants will exist. It will be of interest to determine whether other matriptase-2 splice variants occur in human and mouse, and whether these, or the reported hepsin splice variants, will encode functional proteins. In this respect, the protein deduced from the novel m-hepsin mRNA reported here contains a short cytoplasmic tail, a membrane-spanning region and most of a scavenger-receptor domain, therefore retaining the structural characteristics necessary to function at the cell surface as a potential transmembrane receptor for soluble, cell-surface or matrix ligands.
In summary, among the TTSPs, m-matriptase-2 exhibits a novel expression profile that overlaps with the distribution of m-hepsin. A functional role in several cell types is indicated by in situ hybridization analysis, which localized m-matriptase-2 expression in adult tissues to liver hepatocytes and to uterine epithelial cells, with uniform expression in kidney. In addition, a role in mouse development was suggested by the expression of m-matriptase in the developing liver as well as by a restricted set of embryonic epithelial cells, including epithelial cells of the nasal cavity and pharyngo-tympanic tubes. Two members of the TTSP family have demonstrated roles as protein/peptide activators. One of these, the heart-expressed enzyme corin, likely functions in an autocrine-type activation process whereby pro-ANP produced by cardiomyocytes is converted on the surface of these cells into biologically active ANP by corin [5, 6] . The other TTSP, the duodenum protease enteropeptidase, functions in an endocrine-type activation process whereby trypsinogen, secreted by the pancreas into the duodenum, is catalytically activated to trypsin by the direct action of enteropeptidase [2] . As mmatriptase-2 has the structural features necessary to function as a serine protease, it is likely that it, too, will have a role as a protein/peptide activator or convertase. Whether this is via an autocrine-type or endocrine-type process is not known. However, the expression of m-matriptase-2 by epithelial cells undergoing tubular morphogenesis in the embryo and requiring rapid renewal in the adult, as well as by highly metabolic cells of the liver and kidney, is suggestive that this enzyme is more likely to function in an autocrine-type activation process. It should be noted that a functional role or substrate has been defined for very few of the members of the TTSP family [56] . On the basis of the recent report of matriptase/MT-SP1
−/− mice which demonstrated that this TTSP functions in the development of the epidermis and thymic homoeostasis [21] , it is apparent that a major experimental route to determine the physiological function and natural substrates of these new serine proteases is through gene-knockout approaches. Accordingly deletion of the matriptase-2 gene in mouse should assist in defining the function of this newest member of the TTSP family.
Although most of the TTSPs exhibit abundant mRNA expression in a restricted number of tissues, there is considerable overlap in tissue distribution patterns among the TTSP family members when the lower-expressing tissues are taken into account [1] . It is not known whether overlapping expression also indicates some extent of functional redundancy amongst family members. However, one of the two groups that have reported hepsin −/− mice has proposed that the lack of gross phenotypic differences between null mice and wild-type controls may be due to compensation by a functionally related gene product [57] . Indeed, on the basis of previous reports of potential hepsin involvement in blastocyst hatching [32] , cell growth [52] and blood coagulation [58] , and in contrast with the effect in mouse of deletion of matriptase/MT-SP1 [21] , it was surprising that the only gross phenotype of hepsin −/− mice was elevated levels of bone-derived alkaline phosphatase [57, 59] . Accordingly, on the basis of the similar expression patterns of m-matriptase-2 and m-hepsin it is possible, at least in mouse, that these enzymes share a level of functional redundancy sufficient to overcome the phenotypic changes expected of, but not observed, in hepsin −/− mice. The proposal of some level of functional redundancy between mmatriptase-2 and m-hepsin could be tested by generation of double-knockout hepsin/matriptase-2 mice.
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